ABSTRACT: In 2016, modified CO 2 -baited encephalitis virus surveillance (EVS) traps were evaluated for flavivirus surveillance in the Northern Territory, Australia. The traps were fitted with honey-soaked nucleic acid preservation cards (FTA TM ) for mosquitoes to expectorate virus while feeding on the cards. Cards were tested for the presence of selected arboviruses, with two cards testing positive for Kunjin virus and Alfuy, while sentinel chickens tested in parallel also showed Kunjin virus activity at the same time. The results from the cards and vector mosquito feeding rates indicate that CO 2 -baited EVS traps coupled with honey-baited FTA TM cards are an effective tool for broad-scale arbovirus surveillance. Journal of Vector Ecology 44 (1): 187-194. 2019.
INTRODUCTION
In Australia, the flaviviruses Murray Valley encephalitis virus (MVEV) and Kunjin virus (KUNV) are a threat to public health, with virus activity detected in most years (Bennett 1976 , Mackenzie et al. 1993 , Burrow et al. 1998 , Broom et al. 2001 . Culex annulirostris (Skuse) is the principal vector for both viruses in the Northern Territory (NT) (Russell 1998, Russell and Dwyer 2000) . While sentinel chickens are the gold standard for MVEV and KUNV surveillance, maintaining sentinel flocks in remote areas can be a challenge, including high costs for chicken rearing and replacement (Ramirez et al. 2018b) . Moreover, potential cross-reactions that can occur during serological testing of chicken blood make it difficult to distinguish between closely related flaviviruses.
In recent years, a new arbovirus surveillance method has emerged, based on mosquitoes expectorating virus in their saliva while feeding on sugar-laced nucleic acid preservation cards (FTA   TM   ) , which can then be tested for both alpha and flaviviruses (Hall-Mendelin et al. 2010 , Ritchie 2013 ). This new surveillance tool has successfully detected several arboviruses, including Ross River virus (RRV), Barmah Forest virus (BFV), KUNV, and the first MVEV in the NT in 2013 , Van den Hurk et al. 2014) .
Since the initial use of FTA TM cards for arbovirus surveillance in passive CO 2 -baited box traps, the Sentinel Mosquito Arbovirus Capture Kit (SMACK) has been developed, with RRV, BFV, KUNV, and MVEV detected in northern Queensland (Johnson et al. 2015) . While FTA TM cards used in SMACK traps are suitable for arbovirus surveillance at a limited number of sites in remote areas, the SMACK in its current form, being bulky and using large and expensive CO 2 gas cylinders has been deemed unsuitable for broad-scale surveillance (Flies et al. 2015) . To evaluate FTA TM cards for surveillance across a larger region, cards were previously incorporated into modified CO 2 -baited encephalitis virus surveillance traps (EVS), traditionally used for mosquito surveillance in Australia, with RRV, BFV, and Stratford virus isolated from the cards in South Australia (Flies et al. 2015 ).
Here we investigated CO 2 -baited EVS traps for arbovirus surveillance in the NT, with EVS traps enhanced by incorporating the FTA TM card system. While Flies et al. (2015) inserted FTA TM cards, backed by damp cotton balls into the trap catch container to prevent the cards from drying, we adapted the card system used in the SMACK traps as described in Johnson et al. (2015) . This system would allow easier access to the cards and provide a larger moisture reservoir to prevent the cards from drying under extreme NT dry season conditions. The study was undertaken at two NT sentinel chicken sites to enable comparison of FTA TM card results and flavivirus seroconversions in sentinel chickens and to test the suitability of the enhanced FTA TM card system in principle. In addition, we provided an indication of the overall percentage of mosquitoes and mosquito species feeding on the FTA TM cards, as well as mosquito mortality rates in EVS traps set overnight under tropical climate conditions in the Darwin region.
MATERIALS AND METHODS

Location and sentinel chickens
The study was conducted on a private property in the suburb of Leanyer (urban Darwin) in the NT, Australia, located adjacent to an extensive salt marsh, brackish and freshwater swamp, and at the Beatrice Hill Research Farm (BHF), located 60 km east of Darwin, surrounded by extensive freshwater wetlands (Figure 1 ).
Both the Leanyer and BHF sites have housed sentinel chicken flocks for flavivirus surveillance since 1992 and 1993, respectively. During the study period from February to the end of June, 2016, nine and 12 chickens were bled monthly at BHF and Leanyer, respectively, by veterinary officers of the NT Department of Primary Industry and Resources (DPIR). Blood samples were tested for antibodies to MVEV and KUNV using standard flavivirus neutralization tests as described in the DPIR Virology Test Methods Manual Issue 10:2017. Due to the death of one chicken at Leanyer, the total number of chickens bled and tested was reduced to 11 in May and June. Bleeding of sentinel chickens was carried out under ethics approval (monitoring sentinel animals for viruses of animal and human health significance number A11033. 100/ annum) granted by the Charles Darwin University Human Research Ethics Committee.
CO 2 -baited EVS traps
Catch containers from standard CO 2 -baited EVS traps used for routine mosquito surveillance in the NT were modified to allow insertion of the FTA TM card system used in the SMACK traps as described in Johnson et al. (2015) (Figure  2 ). The traps consisted of an insulated bucket baited with 1 kg of dry ice, a suction fan powered by two 'D' cell batteries, a 'grain of wheat' light, and a rigid collection container (4 liter, 220 mm in diameter) fitted with a muslin sleeve and very fine wire mesh vents (Rohe and Fall 1979) (Figure 2 ). FTA TM cards
were laced with a mixture of honey and blue food dye (Queen Fine Foods Pty. Ltd.), with one card placed in a 70 ml sample jar, backed by a sponge soaked in a 10% honey/water solution to keep the cards moist ( Figure 2 ). Two sample jars were inserted into the catch container on opposite sites ( Figure 2 ). Sufficient blue food dye was added to the honey to give it a dark blue appearance. Between 3 February and 22 June 2016, three CO 2 -baited EVS traps containing FTA TM cards were set in the afternoon and collected the next morning once a fortnight at both BHF and Leanyer, with a total of 66 traps set and collected (22 trap nights). Prior to collection, the percentage of dead mosquitoes in each trap was visually assessed. To extend the opportunity for mosquitoes to feed and expectorate virus on the cards following collection, catch containers were suspended from a rope in an undercover area at the NT Department of Health Medical Entomology laboratory in Darwin for an additional 24 h, with the percentage of dead mosquitoes again visually assessed following that period.
Mosquitoes were stored at -20° C and identified to species level using taxonomic keys (Lee et al. 1982 (Lee et al. , 1984 (Lee et al. , 1987a (Lee et al. ,b, 1988 (Lee et al. , 1988a (Lee et al. , 1989 . All specimens from samples of less than 300 were identified. For larger samples, the full sample and a sub-sample of 300 specimens were weighed, with the subsample identified. The ratio of weights provided a conversion factor to estimate the number of specimens of each species in the sample.
To determine the overall percentage of mosquitoes and percentage of each species feeding on the FTA TM cards, five random sub-samples from BHF and Leanyer were identified, with the status of feeding recorded for each specimen. Feeding status was determined by screening each mosquito for the presence of visible internal blue food dye using a stereo microscope.
FTA
TM card testing Upon collection, the two FTA TM cards from the same trap were pooled and placed in sealable plastic bags and stored at room temperature before being sent to PathWest Laboratory Medicine WA, QEII Medical Centre, Western Australia for testing. Surgical gloves were used during handling of the cards to avoid sample contamination.
The main viruses of interest were MVEV and KUNV, as they are of the most clinical and public health significance, with 37 MVEV and 12 KUNV disease cases acquired in the NT since surveillance commenced in 1974. However, as these viruses are not necessarily detected in all top end sentinel chicken flocks on an annual basis, FTA TM cards were further tested for more common viruses, including Alfuy virus (AFLV), Edge Hill virus (EHV), RRV, BFV, and Sindbis virus (SINV) to increase the likelihood of observing arbovirus positive cards.
Upon receipt of FTA TM cards at PathWest, cards were stored at -80° C until the day of elution, and then again until testing. On the day of eluting, cards were transferred to a 10 ml Pierce TM spin column (ThermoScientific, U.S.A.) on ice. Two ml of virus transport medium was added to each spin column to saturate the card. Each column was vortexed for 30 
s, every 5 min for 20 min. Columns were centrifuged at 3,000 rpm for 5 min to collect the eluate. Eluates were aliquoted into two tubes and stored at -80° C prior to testing. On the day of testing, RNA purification was performed using 200 µl of the eluate on the MagMAX Express-96 (Applied Biosystems) as previously described (Chidlow 2010) . A standardized concentration of MS2 phage RNA was incorporated into the lysis buffer prior to the purification process to act as an internal control. Successful PCR detection of the MS2 RNA post-purification indicated successful removal of PCR inhibitors. Negative controls were included after every fifth sample. Viral RNA was detected using four multiplex PCR assays targeting RRV, BFV, SINV, ALFV, EHV, KUNV, MVE, and MS2 (Table 1) . The four multiplex assays used qScript XLT 1-Step RT-qPCR Toughmix (QuantaBio, U.S.A.), with primer and probe concentrations as listed in Table 1 . All multiplex assays incorporated an Atto700 reference dye (concentration between 0.15-0.3 µM) for signal normalization on the realtime PCR machine. Eight µl of purified RNA was added to 12 µl of multiplex master mix, then cycled on a ViiA7 realtime PCR machine (Applied Biosystems, U.S.A.). Cycling conditions were 50° C for 10 min, 95° C for 1 min followed by 50 cycles of 95° C for 15 s and 60° C for 90 s.
RESULTS
CO 2 -baited EVS trap results, mosquito mortality, and feeding rates
A total of 65,531 mosquitoes, with 33 species represented, was collected in the 66 CO 2 -baited EVS traps over 22 trap nights. Culex annulirostris (Skuse) accounted for 43.04% of the total catch, followed by Mansonia uniformis (Theobald) (23.76%), Coquillettidia xanthogaster (Edwards) (11.22%), Anopheles bancroftii (Giles) (4.17%), Aedes vigilax (Skuse) (3.87%), and other species (13.94%). The estimated average mosquito mortality rate was 46.03% on trap collection, with 97.25% dead following the extended 24-h period outside the laboratory.
A total of 3,132 mosquitoes were identified and assessed for their feeding status on honey-baited FTA TM cards from the ten randomly selected samples. A total of 1,985 specimens (63.38%) showed evidence of feeding on the cards. The percentage of each species feeding on FTA TM cards from the ten random samples are shown in Table 2 #2 collected on 13 May 2016 tested positive for KUNV, with a C t score of 38 (Figure 3) . The trap positive for ALFV collected a total of 1,456 mosquitoes, with six species present. The dominant species were Ma. uniformis (734), Cx. pullus (350), and Cx. annulirostris (234). The trap positive for KUNV collected a total of 3,581 mosquitoes, with eight species present. The dominant species were Ma. uniformis (1,643), Cx. annulirostris (1,000), Cq. xanthogaster (592), and An. bancroftii (259).
Flavivirus antibodies in sentinel chickens
During the study period a total of 45 and 57 chickens from BHF and Leanyer were bled and tested for the presence of antibodies to MVEV and KUNV, respectively, with eight to 12 chickens tested per site/month. At BHF, one chicken tested positive to KUNV on 12 May, with an antibody titer of 36, with two and then another three chickens seroconverting to unidentified flaviviruses in May and June, respectively (Figure 3) . None of the chickens bled at Leanyer during the study period tested positive to flaviviruses screened.
DISCUSSION
FTA
TM cards used for arbovirus surveillance in passive traps have already proven to be a valuable tool for surveillance in remote areas (Hall-Mendelin 2010 , van den Hurk 2014 , Johnson et al. 2015 . In addition, Flies et al. (2014) showed that honey-baited FTA TM cards used in CO 2 -baited EVS traps are suitable for more broad-scale arbovirus surveillance, with BFV, RRV, and Stratford virus detected.
Our study provided further support for the application of FTA TM cards in CO 2 -baited EVS traps, adapting the FTA TM card system previously developed by Johnson et al. (2015) for the SMACK trap. Using this trap system, KUNV was detected on the BHF FTA TM cards at the same time a chicken tested positive for KUNV antibodies. This is a promising result and suggestive of a similar test sensitivity. However, a bigger dataset would be required to firmly confirm sensitivity. In addition, the cards detected ALFV at BHF in March. Although the sentinel chickens were not tested for antibodies to ALFV, a seroconversion to ALFV is likely to appear as a weak MVEV seroconversion, due to the close relationship of these viruses (May et al. 2006) . However, no sentinel chickens seroconverting to MVEV might indicate that the FTA TM cards are capable of detecting virus at levels that may be missed by the sentinel chicken method. The lack of seroconversions to MVEV in the sentinel chickens and the FTA TM cards suggests that no or only very low MVEV activity occurred during the study period. However, MVEV has previously been detected using FTA TM cards , Johnson et al. 2015 , and the fact that ALFV, an arbovirus closely related to MVEV (May et al. 2006) , was detected during this study further supports the suitability of FTA TM cards used in standard CO 2 -baited EVS traps as an alternative for flavivirus surveillance.
For arbovirus surveillance to be effective, the vector species need to be targeted. Culex annulirostris is the most important vector for alphavirus and flavivirus transmission in Australia (Kay et al. 1984 , Harley et al. 2001 . During this trial, Cx. annulirostris was the dominant species (43%) captured in the CO 2 -baited EVS traps, with a 60% feeding rate on the cards, again supporting the efficacy of EVS traps fitted with FTA TM cards as a surveillance tool. Furthermore, the overall feeding rate of all species was high (63%), with all species feeding at a rate of between 59% and 86%, with an even higher rate of >80% previously found by Johnson et al. (2015) , indicating that FTA TM cards are a suitable tool for arbovirus surveillance.
Interestingly, in this study, the high feeding rate occurred despite a high average mosquito mortality rate of 46% at trap collection and 97% following the extended feeding period at the laboratory. However, Flies et al. (2015) stated that most mosquitoes feed on the FTA TM cards within the first 24 to 48 h, suggesting that a high mortality rate shortly after capture might not be an issue. Flies et al. (2015) also suggested that extending the mosquito survival rate could increase the rate of virus detection on the cards. The high mortality rate in our study was most likely due to the harsh environmental conditions during the sampling period, resulting in high temperatures and low humidity in the traps. Johnson et al. (2015) showed that providing an additional water source, in the form of a water-soaked sponge, significantly improved mosquito survival in SMACK traps. Thus, to increase survival rates in CO 2 -baited EVS traps, a similar system could be incorporated into the traps. In addition, a study by HallMendelin et al. (2010) indicated a higher mortality rate in mosquitoes that fed on honey-laced FTA TM cards compared to untreated filter paper, potentially due to the chemical composition of FTA TM cards. While this would need to be assessed through further studies, if confirmed, mortality rates could potentially be decreased by using alternative feeding substrates compared to FTA TM cards. A limitation of this study is that it was only conducted over one season, with few detections from either surveillance method. While the simultaneous detection of KUNV is promising, the overall numbers are too few to fully evaluate the sensitivity of the FTA TM card system. In particular, MVEV was not detected by either system, so performance for this virus cannot be evaluated. Future work is needed to fully evaluate the sensitivity of the FTA TM card system is comparison to sentinel chickens. However, since this study was conducted, Ramirez et al. (2018a) have found that detection of arboviruses in excreta under laboratory conditions was more sensitive compared to detection in saliva, and that excreta samples tested positive to arbovirus RNA within a much shorter time period following the ingestion of an infectious blood meal compared to mosquito saliva samples, where the intrinsic virus incubation period delayed rapid virus RNA detection. Using mosquito excreta for arbovirus detection has since been successfully tested in the field by Meyer et al. (2019) , with this method another potential alternative for rapid arbovirus detection.
In summary, the results from this study indicate that CO 2 -baited EVS traps using the SMACK FTA TM card system is a potential arbovirus surveillance tool that can be used effectively for surveillance of medically important arboviruses. However, as sentinel chickens remain the gold standard for flavivirus surveillance in Australia, the sensitivity and specificity of FTA TM cards compared to sentinel chickens still requires further evaluation.
